Abstract: A novel substrate integrated waveguide (SIW) power divider with good out-of-band rejection and isolation is first presented in this paper, which is implemented by the combination of three different electromagnetic structures, saying, substrate integrated waveguide (SIW), defected ground structure (DGS) and resistive coupling slot. Since the SIW has high-pass performance and the DGS has band-stop characteristics, four periodic butterfly-shaped DGS are etched on the ground plane of the SIW power divider to realize the band-pass filtering response. Moreover, a resistive coupling slot is utilized to improve the isolation of power divider. To verify the design, a prototype of the SIW power divider is fabricated and measured. Measured results show that a very wide out-of-band rejection ranging from 13.5 to 22 GHz at −20 dB is realized. The isolation, input return loss, output return loss, amplitude imbalance, and phase imbalance of the in-phase SIW power divider are better than 15.3, 14.1, 9.2, 0.5 dB, and 5.1°, respectively, within the frequency range from 8.25 to 12.25 GHz. The measurement results show good agreements with the simulation ones.
Introduction
Power dividers are widely applied in various microwave circuits, such as phase shifters, mixers, and amplifiers, for power combining and splitting [1, 2] . The traditional rectangular waveguide power dividers have the advantages of low insertion losses and high power handling capacities. But their bulky size make them very difficult to be applied in the compact planar circuits. Recently, with merits of low insertion, low cost, good power handling capacity and easy integration with planar circuits, substrate integrated waveguide (SIW), which is composed of many arrays of metallic vias in a planar substrate, has been studied and exploited to design the power divider with high performance [3, 4, 5, 6, 7, 8] . The power divider based on SIW technology described in [4] maintains a high isolation. However, it suffers from poor out-of-band rejection. Efforts for the improvement of selectivity in SIW power dividers by introducing the defected ground structure (DGS) have been reported in paper [8] . Nevertheless, the isolation of this SIW power divider is not considered.
To realize the improved selectivity while simultaneously keeping the good isolation, a novel SIW power divider, operating at X-band, is proposed in this paper. The DGS is introduced to obtain a wide out-of-band rejection. Meanwhile, a resistive coupling slot technology is used to achieve a good isolation between the two output ports, and good impedance matching at all the ports. With the aid of the three-dimension electromagnetic simulation software Ansoft HFSS, an optimized X-band SIW power divider with good out-of-band rejection and isolation has been acquired, and the design was validated by measured data in practice.
Configuration and design
The configuration of the SIW power divider is shown in Fig. 1a and 1b, respectively. It is mostly based on three port Y-junction structure which is a hybrid structure composed of substrate integrated waveguide (SIW) and half mode substrate integrated waveguide (HMSIW). The input power from SIW port can be equally split into two HMSIW ports with the same phase characteristic. The Y-junction power divider acts on the TE 10 main mode in the whole working band.
In order to obtain a good isolation between two output ports and impedance matching at all ports, the resistive coupling slot, which consists of isolation resistor and slot, is realized on the lateral HMSIW Y-junctions. By changing the length of the slot (L4) and the resistance of the isolation resistor, a good isolation can be implemented. In order to realize a reasonable isolation, the L4 is designed to be a quarter wavelength at the center frequency of the working band, and the resistance of the 0603 chip resistor is chosen to be 100 Ω, which is like the conventional Wilkinson power divider. As shown in Fig. 1b , the defected ground structure (DGS), which consists of four butterfly-shaped slots (BSSs) etched on bottom layer of the PCB, are introduced to improve the rejection at upper stop-band. The DGS is able to forbids the propagation of all electromagnetic waves within a particular frequency band called the band gap [9, 10, 11] . Be modeled by LC resonance circuit, the DGS is usually analyzed by using a circuit analysis method, and the resonant frequency of parallel LC circuit can be adjusted by changing the shape and size of the slot. As shown in Fig. 1b , there are five parameters to determine the band-gap properties: the angle 2, the radius R3, the length L8 and the width S2 of the BSS cell, and the angle 3. The most important design parameter is the angle 3, which determines the periodic distance between adjacent BSS cells. We find that the level of the outof-band rejection depends on the periodic distance, which is in proportion to the width of stop-band and inversely proportion to the depth of suppression. So by adjusting the angle 3, a wide rejection at upper stop-band can be obtained. The SIW power divider is modeled, simulated and optimized by the Ansoft HFSS software. As shown in Fig. 3 , a very wide out-of-band rejection ranging from 13.5 to 22 GHz at −20 dB has been achieved.
Experimental results
The SIW power divider is fabricated on an RT/Duroid 5880 substrate with relative dielectric constant of 2.2, loss tangent of 0.0009 and thickness of 0.508 mm. The top and bottom view of the fabricated SIW power divider are shown in Fig. 2a and  2b , respectively, and the optimized design parameters for the proposed structure are listed in Table I . The SIW power divider was measured by an Agilent vector network analyzer E8363B, and the corresponding measured data compared with simulated results are illustrated in Fig. 3 . The measurement results shows that the isolation, input return loss and output return loss are better than 15.3, 14.1, and 9.2 dB, respectively, within the frequency range of 8.25 to 12.25 GHz. The insertion loss is between 4.1 and 5.0 dB, which is a little bigger than the simulated results. The parasitic parameters as well as assemble errors of the chip resistor, and the losses of coaxial connectors are the main reason for the difference. Fig. 4 shows the measured amplitude imbalance and phase imbalance of the two output ports of the SIW power divider, which are less than 0.5 dB and 5.1°, respectively. The agreement between measured and simulated results shows that the novel SIW power divider proposed in this paper achieved the anticipated performance of good out-of-band rejection and high isolation. 
Conclusion
In this paper, a novel substrate integrated waveguide (SIW) power divider has been proposed and demonstrated. The butterfly-shaped DGS is etched on the ground plane of the power divider to realize good out-of-band rejection. The resistive coupling slot is utilized to achieve the good isolation of the two output ports, and good matching of all the ports. With the features of wide out-of-band rejection, high isolation, and good amplitude and phase performance, the proposed SIW power divider can be an excellent candidate for the microwave circuits.
